The immunoregulation to tolerate the semiallogeneic fetus during pregnancy includes a harmonious dynamic balance between anti-and pro-inflammatory cytokines. Several earlier studies reported significantly different levels and/or ratios of several cytokines in complicated pregnancy as compared to normal pregnancy.
| INTRODUCTION
Pregnancy is a natural phenomenon that has been a conundrum in immunology as the success of the allogeneic fetus seems to defy the rules of immunology. During pregnancy, the mother's immune system recognizes her fetus as "foreign," yet instead of treating it as a target for rejection, the fetus is tolerated and nurtured through gestation. Indeed, pregnancy is a tight balancing act between different immune cells, hormones, nutrition, and infection under very strict immune regulation. 1 This paradoxical success of the "fetal allograft" in the face of a potentially hostile maternal immune system has been suggested to be due to immunomodulation at the maternal-fetal interface 2, 3 and a consequent lack of strong maternal cell-mediated anti-fetal reactivity of the T helper 1 (Th1) type. It has been proposed that successful pregnancy in mice is a Th2 phenomenon and that abnormally elevated concentrations of Th1-type cytokines are associated with spontaneous miscarriage in mice and humans. 8, 9 It appears therefore that cytokines may have positive and negative effects on pregnancy depending on the types and levels of cytokines secreted.
Given this scenario, we and others have undertaken studies with the objective of elucidating the possible roles of cytokines in human pregnancy and to ascertain whether there are differences in cytokine profiles in normal human pregnancy as compared to unexplained pregnancy complications. We analysed supernatants of mitogen-stimulated peripheral blood lymphocytes cultures, for a selected panel of Th1 and Th2 cytokines. Our data, as well as of others, support the hypothesis that normal successful pregnancy is a Th2-phenomenon, while several other unexplained pregnancy complications such as recurrent spontaneous miscarriage (RSM), premature rupture of membranes (PROM), pregnancy-induced hypertension (PIH), and preterm delivery (PTD) are associated with an elevated Th1-type cytokine profile. [10] [11] [12] [13] [14] [15] [16] [17] [18] However, the majority of the studies have compared individual levels or ratios of a small number of cytokines. Given that cytokines form a network of interacting entities and that a single cytokine or a ratio of two may not provide sufficient information about the overall immune reactivity, it is of interest to study the combined levels of several cytokines as this may provide a better picture of immune reactiv- Keeping the above points in mind, we aimed to use the statistical approaches to study and quantify the connection between cytokine T A B L E 1 Groups of women studied along with the number of patients (n), clinical history, and mean gestational age 
| MATERIALS AND METHODS

| Subjects
The groups of subjects studied are as detailed elsewhere [10] [11] [12] [13] [14] [15] and summarized in Table 1 . The normal pregnancy control group consisted of women who were pregnant at the time of the study by spontaneous fertilization with a single fetus and had previously had at least 3 normal pregnancies, with no history of abortion, ectopic pregnancy, preterm delivery, or stillbirth and had normal spontaneous labor. All complication groups were properly selected according to the criteria set for defining the respective pregnancy complication and all subjects were investigated for possible anatomical, endocrinological, infectious, genetic, and immunological causes of the complication. These subjects had no demonstrable cause of their complication and therefore denoted as the unexplained cause.
The RSM group was comprised of women admitted with spontaneous abortion for evacuation, who have had at least 3 previous unexplained miscarriages, no earlier live birth (primary RSM) and who had been investigated clinically. The PTD group comprised women who were admitted to the hospital with spontaneous preterm labor, with intact membranes. These patients were in active labor, with the cervix dilated more than 3 cm and they de- 
| Mitogen-induced activation of PBMC
Peripheral blood from subjects in the groups of Normal Delivery, RSM, PTD, PIH, and PROM were stimulated with mitogen. 
| ELISA for cytokines
Cytokine levels were determined by sandwich ELISA using kits ob- 
| Statistical analysis
All zero/undetectable cytokine concentration values were replaced with the minimum detectable (ie, sensitivity) value, as is standard practice. The small fraction of missing cytokine values were replaced with the median values of the samples (which is a conservative technique, not biased towards specific characteristics of the data). All concentrations were log-transformed because a log scale is a more natural scale to study cytokine concentrations on. Log-transforming is also standard in the literature. After this, the data were centered (by subtracting the mean) and scaled (divided by the standard deviation).
Some of the cytokine values (log transformed and scaled) deviated strongly from normal distributions; hence, we employed nonparametric statistical tests to measure the differences in groups (see below). A P-value of <.05 was considered statistically significant in this study. Data and statistical analysis were performed with Scikit-learn 19 using the iPython interface. 20 We compared the multivariate cytokine data between groups. To do so, the main tools used were as follows: 
To investigate
4.
Finally, we investigated if there were subgroups within each complication group. To do this, we first used principal component analysis (PCA) to visualize the multivariate data in 2 dimensions. Doing so helps to reveal any obvious clustering or grouping. We complemented this method using the gap statistic (using k-means clustering), 24 which is a standard method for finding the number of subgroups in multivariate data, and identifying subgroup membership for each sample. Searching for subgroups in relatively small multivariate data samples can be challenging, so we may not be able to detect subgroups which are present if there is only weak clustering of data. Nonetheless, we can expect to find subgroups if there is strong clustering. 
| RESULTS
| Multivariate comparison of the cytokine pattern between groups
The multivariate Cramer Test detects more complex differences in cytokine patterns as opposed to single or simple ratios differences between groups. As shown in Table 2 , cytokine patterns in pregnancy complications were statistically significantly different as compared to the respective groups of matching gestational age. This indicates the statistical significant differences in cytokine profiles between healthy and complicated pregnancy groups of RSM, PTD, PIH, and PROM (P = .0001, .023, .0097, and .009 respectively) ( Table 2 ). Table 2 further lists cytokines that most contributed to the multivariate differences and allocates an importance value for each. The table lists all importance that are more than 0.1 (ie, more than 10% contribution).
| Cytokine importance using the classification algorithm
The classification algorithm related the significant multivariate difference between RSM and healthy gestational age-matched controls mainly to IL-10. With respect to 2nd Tri vs PTD, maximum cytokine importance were for IL-2 (0.53) and IFN-γ (0.32). As compared to ND, cytokine importance for PIH were those of IL-10 (0.33) and IL-5 (0.17), while those for PROM group were IL-5 (0.68) and IL-4 (0.25) ( Table 2 ).
| Evaluating how different the groups are, using various methods
To understand better how strongly any 2 groups differ from each other, and in what way they differ, we plotted the PLSR projections (Figure 1) reported the 2-dimensional Kolmogorov-Smirmov distance and calculated the classification accuracy as compared to the ROC AUC (Table 2) .
Summarizing the information on all these tests for all groups is as follows:
Among the tested groups, 1st Tri and RSM are the most separated, which we infer from the obvious separation between the groups in the PLSR figure (Figure 1A) , the large K-S distance (0.92), and a high ROC AUC (0.88) ( Table 2 ).
2nd Tri is also different from PTD and appears more clustered on the edge of the PTD projection ( Figure 1B) . Visually, the 2 groups are quite different, but also have some points with overlap. Further, the K-S distance of 0.58 and ROC AUC value of 0.78 suggest that the 2 groups are different, but not extremely distinct, and certainly less than the separation between 1st Tri and RSM groups ( Table 2) .
Although the ROC AUC between ND and PIH is somewhat high (0.74), they show considerable overlap in cytokine levels in PLSR figure ( Figure 1C) . Further, the K-S distance is lowest among other comparisons (0.53) pointing that the groups are somewhat different, but not strongly distinct (Table 2) .
Finally, comparing ND to PROM, Figure 1D shows quite a strong overlap between the groups, suggesting that the cytokine profiles are quite similar. The K-S distance is quite low (0.57), and the ROC AUC value also points to the groups being only modestly different (0.68) ( Table 2 ).
Thus we see that while all pairs of groups are statistically significantly different with small P-values in multivariate Cramer test, they vary considerably in both how strongly, and in which ways they differ.
| Investigating subgroups within complication groups
We further investigated whether there exist subgroups within each of the pregnancy complications (RSM, PTD, PIH, and PROM). The reason for this investigation is that subgroups may imply different causes for the complication.
We were not able to find clear evidence of subgroups within RSM, PTD, or PROM. However, the clearest result of clusters among a pregnancy complication was in the PIH group. To search for subgroups, we first examined PCA plots of all the groups. Figure 2 shows the PCA projection of the PIH data onto the first two principal components of the ND data. Visually examining the PCA plot in Figure 2 suggests that the PIH group is made up of 2 subgroups, which we have shown as crosses and triangles. We will call the PIH subgroup on the "edge" of the PCA projection PIH-out, and the other group PIH-in. Using the Gap Statistic, we also found that the PIH group has 2 subgroups/clusters. Further, employing the K-means clustering method (with K = 2)
to assign each sample to 1 of 2 subgroups, we find an exact agreement between the subgroups visually apparent in the PCA plot, and the subgroups found by the gap statistic with K-means.
Having found 2 subgroups, it is interesting to analyze them further. Figure 3A) , while the remaining 9 form a subgroup which has cytokine profiles that are quite different to ND (denoted as PIH-out, Figure 3B ).
F I G U R E 2
A PCA plot of ND data (yellow dots), with the PIH data (blue crosses and triangles) projected onto the same axes. The crosses and the triangles denote the 2 subgroups found by visual inspection, the gap statistic, and k-means clustering Table 3 further depicts the analysis of the 2 subgroups as compared to the ND group. As expected, the multivariate Cramer Test Pvalue, the K-S distance as well as the classification accuracy are far more distinct between ND vs PIH-out as opposed to ND vs PIH-in combination. In other words, the subgroup PIH-in is very similar to ND, but not exactly identical in distribution; while the subgroup PIH-out is very different from ND.
In summary, we found that the PIH group is actually made up of 2 subgroups/clusters, one having a multivariate cytokine profile very similar to ND, while the other subgroup is quite different to ND. This suggests that among the patients in our PIH group, a subgroup (PIHout) had PIH consequences which were reflected/shown by the cytokine imbalances as compared to ND, while this was not the case for the PIH-in subgroup of patients suggesting their presentation is not mediated/reflected by cytokine imbalances.
It is worth also noting that the multivariate Cramer Test that detects differences in cytokine patterns was not significantly different between ND and PIH-in group (P = .087), while, as expected, the P-value between ND and PIH-out was extremely significant (P = .0000001). The maximum cytokine importance/contribution in PIH-out group were for IL-5 (0.89) and IFN-γ (0.10), (Table 3) . The large K-S distance (1.0), and large ROC AUC value of 0.91 corroborate the same finding (Table 3) .
| DISCUSSION
Cytokines are known to work in a complex hierarchical network and most of them show pleiotropic, redundant, and synergetic actions, making the full understanding of the balance very challenging. While several reports have suggested the use of cytokines as potential biomarkers, a single biomarker may be insufficient; thus it was suggested that it would be more appropriate to use ratios of 2 cytokines or to develop a multivariate "cytokine signature" based on the pattern of several cytokines produced by peripheral blood mononuclear cells.
25-27
We compared multivariate cytokine profiles of several pregnancy complications to gestationally age-matched control groups, using several statistical techniques. It was previously established that the groups are different in terms of individual cytokine levels and simple ratios, but we sought to investigate these differences further. Studying all tested cytokines, our main aim was to see how different are the panels and in which ways they are different in pathological pregnancies as compared to normal controls.
We, therefore, analyzed our data with a variety of multivariate statistical techniques that can detect more complex differences in patterns than simple differences in individual levels or ratios. It is useful to employ such multivariate methods because it is in principle possible that none of T A B L E 3 Results of multivariate Cramer test, cytokine importance, and classification accuracy for PIH subgroups the individual variables show statistically significant differences in median levels when comparing samples of 2 groups, while a multivariate method may nonetheless uncover a difference in the multivariate pattern. On the other hand, the ability to detect multivariate differences comes at the expense of a reduced ability to detect individual cytokine differences.
The multivariate analysis showed significant differences between normal pregnancy and pathological complications. This may reflect the complexity and importance of cytokine balance in pregnancy and encourage further studies to select and include more parameters, study other complications and examine other disease conditions. Building on this, and considering the potential of the clinical approach, it would be very useful to know which of the tested cytokines most contribute to the deviation from the normal physiological cytokine balance. Using the data available, we used a classification algorithm (CART) and found the mean contribution of individual cytokines and their importance in differentiating the pathological presentation from the normal cohort.
It is interesting that the multivariate cytokine profiles of RSM and healthy controls were quite distinct and the main cytokine separating the 2 groups was IL-10. IL-10 has been shown to play a pro-pregnancy role in early gestation, 28, 29 essential for the implantation of the blastocyst and formation of the early placenta; it inhibits the secretion and synthesis of the deleterious pro-inflammatory cytokines such as early third trimesters is an important risk factor for PTD in asymptomatic women. 36 Similarly, increased production of the pro-inflammatory cytokines IL-1, TNF-α, and IL-6 by placental cells and by amniotic and chorionic decidual tissues in PTD has been reported. 11, 37 It is also interesting and novel that the analysis of our PIH group showed that it is made up of 2 clusters, one with multivariate cytokine profile, that is, similar to healthy controls, while the other is quite distinct. This method of analysis and the findings may help in explaining the long and wide controversy in literature about the association of different cytokines in different pregnancy complications. Taking PIH as an example, while there is substantial evidence supporting a role of cytokines in the pathogenesis of PIH, the underlying pathophysiologic mechanisms are still unclear with several proposed pathways. 35 It is possible that among immune causes, different immune mechanisms operate at different interfaces during the different stages of pre-eclampsia, where the final stage in all cases would be placental damage and the manifestations of PIH. 35, 38 Taking into consideration other factors, such as HLA (Human Leukocyte Antigen) expression by the trophoblast, secreted trophoblast-derived factors, cytokine genotyping polymorphism and others, all contribute to the complexity and warrant further consideration. 35, [38] [39] [40] To the best of our knowledge, this is the first study to report simultaneous measurement of multiple cytokines from several differ- Several authors have modeled cytokine-mediated inflammatory processes; examples include rheumatoid arthritis 41 and cancers. 42 Modeling and multivariate cytokine analysis may well prove to be valuable in devising strategies for immunomodulation in pregnancy complications. If studies demonstrate a linkage between Th1 cytokines and pregnancy failure, or if cytokine models can be developed to predict the profile of conditions; effort in the future could be directed at shifting the overall immune bias away from Th1-dominance towards Th2-bias (or whichever cytokine levels the model predicts is most appropriate). This may be attempted by down-regulating Th1 cytokines or neutralizing them in such a manner as to allow pregnancy to proceed normally in a Th2-biased milieu. This might well establish a basis for future therapeutic and prophylactic interventions in women with pregnancy complications and also pave the way for such manipulations in other immunological diseases.
